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Preface
In the late 1950s and early 1960s, evidence was accumulating that molybdenum was not simply present in the enzyme xanthine oxidase from cow's milk but that it was required for its activity and changed its oxidation state in the course of the reaction with substrate. In a tour-de-force isotopic substitution study reported in Nature in 1966, R. C. Bray and L. S. Meriwether demonstrated unequivocally that the EPR signals elicited by the enzyme upon treatment with xanthine arose from a molybdenum-containing active site. It is a happy coincidence but altogether fitting that this volume marks the 50th anniversary of this seminal work.
For many years, only five enzymes were recognized as possessing molybdenum in their active sites: nitrogenase from bacteria such as Klebsiella pneumoniae and Azotobacter vinelandii; xanthine oxidase from bovine milk (and other vertebrate sources); aldehyde oxidase from vertebrate as well as bacterial sources; the vertebrate sulfite oxidase; and the assimilatory nitrate reductase from plants (and algae and fungi). That began to change in the 1980s with the demonstration by K. V. Rajagopalan that an organic cofactor accompanied the molybdenum in the active sites of these enzymes (with the exception of nitrogenase), and with the contemporaneous discovery that tungsten was also found in the active sites of enzymes in certain bacteria.
There are now several dozen molybdenum-and tungsten-containing enzymes that have been crystallographically characterized, along with most of the enzymes responsible for the biosynthesis of the organic cofactor variously known as molybdopterin, tungstopterin and pyranopterin. The active site metal centres of these enzymes have proven to be fascinating and challenging targets for synthetic inorganic chemists, and both enzymes and synthetic models have proven fertile ground for the application of a range of physicochemical and spectroscopic methods probing their physical and electronic structures as well as their intrinsic reactivity. At present, well over 50 molybdenum-and tungsten-containing enzymes have been isolated and characterized, and these have been found to catalyze a broad range of oxidation-reduction reactions, and even reactions that (at least formally) do not involve oxidation-reduction of substrate. These enzymes are found in a wide range of metabolic pathways and play particularly prominent roles in the global cycling of nitrogen, sulfur and carbon. Many have vital roles in bacterial bioenergetics, catalyzing crucial energy-conserving reactions under a variety of growth conditions. Indeed, they seem to have been among the earliest enzyme systems to have arisen, as reflected in their near-universal distribution in the biosphere. Finally, genomics analyses have led to the identification of hundreds of genes encoding putative new proteins that are likely to possess one or another metal. These systems represent an enormous frontier of new enzymes that remains to be explored.
This title provides an up-to-date account of the state of our understanding of molybdenum and tungsten enzymes and is divided into three volumes, dealing with: (1) the enzymes themselves, along with pyranopterin cofactor biosynthesis and incorporation of the mature cofactor into apoprotein (Molybdenum and Tungsten Enzymes: Biochemistry), (2) inorganic complexes that model the structures and/or reactivity of the active sites of each major group of molybdenum and tungsten enzymes (Molybdenum and Tungsten Enzymes: Inorganic Chemistry) and (3) spectroscopic and related methods of physical chemistry (including computational work) that have been applied to both enzymes and model compounds (Molybdenum and Tungsten Enzymes: Physical Methods) . Each volume is introduced by an overview chapter written by a leading expert in the field, followed by the individual chapters that detail specific topics associated with each volume. The intent of these overview chapters is to provide an overarching and unifying theme that places each of the three major subject areas in proper context.
We are deeply indebted to each of the contributors for their efforts, which lay out the current state of our understanding in each of the many subject areas considered. The coverage of these volumes is inevitably incomplete due to space constraints, however, and for this we apologize. However, the topics that are covered are presented to the reader in considerable detail; written in a style and spirit that will be fully accessible by current researchers in the field as well as those who wish to learn more about these fascinating metalloproteins. We sincerely hope that these volumes will underscore how rapid the progress has been over the past decade or so, and also how rapidly the field is expanding. The ultimate goal is to stimulate further research on molybdenum and tungsten enzymes, and especially to encourage new investigators to take up one or another aspect of these systems. It seems inevitable that many exciting new discoveries lie in wait.
Russ Hille Carola Schulzke Martin L. Kirk
It is all too fitting that these volumes dealing with the bioinorganic chemistry of molybdenum and tungsten be dedicated to three outstanding chemists whose contributions to the field over many years continues to inform, illuminate and inspire: Richard H. Holm, C. David Garner and John H. Enemark. Prof. Holm has over 500 research publications (cited over 35 000 times) covering a wide range of nickel, iron and molybdenum chemistry (among other transition metals). He is perhaps most widely recognized for studies, beginning in the 1970s, that describe the synthesis and characterization of iron-sulfur clusters. This work came to include modelling the M and P clusters of nitrogenase, which perhaps provided the motivation to investigate models of mononuclear molybdenum-containing enzymes. His molybdenum work achieved great success with the synthesis of MoO 2 models for enzymes of the sulfite oxidase, and later the DMSO reductase family, and the characterization of their properties as oxygen atom transfer catalysts. A key contribution was his use of bulky ligands to the metal that prevented µ-oxo dimerization, which had long stymied work in the field. He is Higgins Professor of Chemistry at Harvard University, a member of the National Academy of Sciences and the recipient of many other awards.
Prof. Garner already had a strong track record in the synthesis of copper and molybdenum complexes when, beginning in the late 1970s, he became one of the first researchers to apply the then-new analytical method of X-ray absorption spectroscopy not only to models of molybdenum enzymes but also to the enzymes themselves. The discovery of thiolate-like sulfur, Mo=O and Mo=S ligands to the metal in the active sites of enzymes such as sulfite oxidase, xanthine oxidase and DMSO reductase was critical in establishing the molybdenum coordination environment in these enzymes and greatly focused efforts to synthesize accurate structural and functional mimics of the enzymes. With over 300 publications (having over 8000 citations), he is presently Professor Emeritus at the University of Nottingham and a Fellow of the Royal Society. He is also past President of the Royal Society of Chemistry.
Prof. Enemark was already well recognized for his work on metal nitrosyls and related systems when he began to exploit the tris-pyrazolylborate ligand as a scaffold on which to construct and study MoO 2 and MoO complexes. This work led to the synthesis and characterization of the first model that fully mimicked the catalytic cycle of oxotransferase enzymes such as sulfite oxidase. Enemark also played an instrumental role in the work that led to the first crystal structure of sulfite oxidase. Since that time, Enemark has pioneered the application of pulsed EPR methods to molybdenum enzymes and synthetic models of their active sites; work that has led to a deep understanding of not simply the physical but also the electronic structures of these systems. With over 250 publications and 10 000 citations, he is Regents Professor of Chemistry at the University of Arizona, a former Fulbright Scholar and recipient of the Humboldt Research Prize, among other national and international recognitions. 2 , respectively (atomic numbers 42 and 74). they are trace elements, either in the universe or in earth crustal rocks and oceans (table 1.1). in spite of that scarcity, molybdenum is essential to most organisms, 1,2 from archaea and bacteria to higher plants and mammals, being found in the active site of enzymes that catalyze oxidation-reduction reactions involving carbon, nitrogen and sulfur atoms of key metabolites. [3] [4] [5] [6] [7] [8] [9] [10] some of the molybdenum-dependent reactions constitute key steps in the global biogeochemical cycles of carbon, nitrogen, sulfur and oxygen, with particular emphasis on the atmospheric dinitrogen fixation (reduction) into organic ammonium (nitrogen cycle/nitrogenase enzyme). presently, more than 50 molybdenum-containing enzymes are known. the great majority are prokaryotic, with eukaryotes holding only a restricted number of molybdoenzymes.
4-10 noteworthy, while all higher eukaryotic organisms use this element, many unicellular eukaryotes, including Saccharomyces and most other yeasts, have lost the ability to use molybdenum.
1,2 tungsten, probably because of its limited bioavailability (table 1.1), 11 is far less used, being present predominantly in thermophilic anaerobes, 3, 12, 13 although it is also found in some strictly aerobic bacteria (e.g. certain methylotrophs [14] [15] [16] [17] [18] [19] ). this chapter provides an overview on the molybdo-and tungstoenzymes. their physiological context and significance will be described in section 1.2, where the recent hypothesis that the lack of molybdenum could have been the limiting factor for the life evolution and expansion on early earth will receive special attention (section 1.2.1). a brief introduction to the chemical properties that shape the catalytically competent molybdenum/tungsten centres will be made in section 1.3. in section 1.4, the enzymes will be grouped in five main families (sections 1.4.1 to 1.4.5), according to their metal/cofactor structure, and a general view on the structural (section (a)) and mechanistic (section (b)) versatility of each family will be presented. a brief account of novel heteronuclear centres containing molybdenum, whose physiological function is not yet fully understood, will be made in section 1.4.6. a final outlook on our present knowledge about these enzymes will conclude this chapter.
Living with Molybdenum and Tungsten
the human history of molybdenum began in the 18th century, when Carl Wilhelm scheele isolated molybdic acid (Moo 3 •h 2 o) and peter Jacob hjelm subsequently found a dark metallic powder that he named "molybdenum". 20 nevertheless the successful and widespread use of molybdenum only took place in the 20th century and nowadays it is used in bridges and buildings (i.M. pei's steel pyramid entrance for the Musée du Louvre is an elegant example), pipes and power plants, cars and computers, paints, plastics, catalysts and medical procedures. [21] [22] [23] By contrast, the biological history of molybdenum is almost as old as life on earth.
When we think about the elements that are essential for life on earth, we hardly ever consider molybdenum. the biological role of molybdenum can only be appreciated when put in perspective. nitrogen is the fourth most abundant element in living organisms (only behind hydrogen, oxygen and carbon) and life on earth depends on the nitrogen biogeochemical cycle to keep this element in forms that can be used by the organisms. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] noteworthy, the "closing" of the nitrogen cycle, with the atmospheric dinitrogen fixation into ammonium 30, [34] [35] [36] (Figure 1 .1, blue arrow), depends virtually entirely on the trace element molybdenum : nitrogenase, a prokaryotic enzyme responsible for dinitrogen reduction to ammonium, requires one molybdenum atom in its active site † (Figure 1 .3b; see section 1.4.5 and ref. 55). the few organisms possessing this enzyme are capable of producing their own reduced ("fixed") nitrogen forms, using directly the atmospheric dinitrogen, the largest nitrogen source (biological nitrogen fixation is the main route by which nitrogen enters the biosphere).
56-58 all other organisms, the vast majority of life on earth, depend on the availability of ammonium and nitrate (from soils, oceans and other organisms).
30,36,59-62 † note that, besides the molybdenum/iron-dependent enzyme, there are also other nitrogenases that depend on vanadium/iron and only on iron, but they exhibit different catalytic efficiencies and products stoichiometry. [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] .
Figure 1.1
Biochemical cycle of nitrogen. dinitrogen fixation, blue arrow; "organic nitrogen pool", green arrows; assimilatory ammonification, pink arrow; dissimilatory nitrate reduction to ammonium, violet arrow; nitrification, yellow arrows; denitrification, red arrows; anaerobic ammonium oxidation (anammox), orange arrows. the steps catalyzed by molybdenum-containing enzymes are highlighted with thick arrows, nitrogenase (blue), nitrate reductase and nitrite oxidoreductase (grey). adapted with permission from ref. 62. Copyright 2014 american Chemical society.
With this wide perspective in mind, the molybdenum biological role certainly assumes another dimension. in fact, it was recently proposed that the lack of molybdenum, while hampering the existence of an efficient nitrogenase, could have been the limiting factor for life evolution and expansion on early earth, as described below (section 1.2.1). however, the involvement of molybdenum in the nitrogen cycle is not restricted to the dinitrogen fixation, as the element is also essential for the reduction of nitrate to nitrite and for the oxidation of nitrite to nitrate (Figure 1.1, grey arrows) , both processes being exclusively dependent (as far as is presently known) on the molybdenum-containing enzymes nitrate reductases (from both prokaryotic and eukaryotic sources) and nitrite oxidoreductases (from prokaryotes only). 62 noteworthy, molybdenum has also been suggested to be essential for nitrite reduction to nitric oxide for biological signalling purposes. nitric oxide is a signalling molecule involved in several physiological processes, in both prokaryotes and eukaryotes, and nitrite is presently recognized as a nitric oxide source particularly relevant to cell signalling and survival under challenging conditions. 62,63 nitrite-dependent signalling pathways have been described in mammals, plants and also bacteria, and are carried out by proteins present in cells to carry out other functions, including several molybdoenzymes (which thus form a new class of "non-dedicated" nitric oxide-forming nitrite reductases): mammalian xanthine oxidoreductase, aldehyde oxidase, 64 Molybdenum is also involved in the carbon cycle. the first example that comes to mind is provided by the formate dehydrogenases that are used by acetogens to fix carbon dioxide (reduce it) into formate and eventually form acetate; but molybdenum is also present in carbon monoxide dehydrogenases (catalyzing the oxidation of carbon monoxide to carbon dioxide), aldehyde oxidoreductases (catalyzing the interconversion between aldehydes and carboxylic acids) and in other formate dehydrogenases (that are involved in physiological pathways where formate is oxidized to carbon dioxide). the primitive carbon cycle would have also been dependent on molybdenum, as the metal (together with tungsten) would have been essential for the earliest, strictly anaerobic, organisms to handle aldehydes and carboxylic acids, catalyzing their interconversion.
68
Molybdenum also plays several other "carbon-related" roles in modern higher organisms. the aldehyde oxidase of higher plants is responsible for the oxidation of abscisic aldehyde to abscisic acid (a plant hormone involved in development processes and in a variety of abiotic and biotic stress responses) 69, 70 and has been implicated in the biosynthesis of indole-3-acetic acid (an auxin phytohormone).
71 the mammalian aldehyde oxidases have been suggested to participate in the formation of retinoic acid (a metabolite of retinol (vitamin a) that is involved in growth and development) and in the metabolism of xenobiotic compounds, where they would catalyze the hydroxylation of carbon centres of heterocyclic aromatic compounds and the oxidation of aldehydic groups. [72] [73] [74] [75] [76] the dependence of higher plants and animals on molybdenum is also observed in purine catabolism, where xanthine oxidoreductase is involved in 77-79 noteworthy, involvement of molybdenum in purine metabolism is common to virtually all forms of life and only a small number of organisms use other mechanisms to oxidize xanthine (e.g. some yeasts 80 ), thus confirming the essential role of molybdenum for life on earth.
another important aspect of molybdenum in biology can be seen in sulfite-oxidizing enzymes, which are used by almost all forms of life in the catabolism of sulfur-containing amino acids and other sulfur-containing compounds, oxidizing sulfite to sulfate. Certainly, sulfite oxidase is one of the most striking examples of the human dependence on molybdenum. [81] [82] [83] [84] [85] [86] sulfite (derived not only from the catabolism of sulfur-containing amino acids, but also from sulfur-containing xenobiotic compounds) is toxic and its controlled oxidation to sulfate is critical for survival. underscoring this vital role, human sulfite oxidase deficiency results in severe neonatal neurological problems, including attenuated growth of the brain, mental retardation, seizures and early death.
‡81-86 Molybdenum-dependent sulfite-oxidizing enzymes are also important for some prokaryotes that are able to generate energy from the respiratory oxidation of inorganic sulfur compounds 87-90 -hence, extending the role of molybdenum to the sulfur cycle.
tungsten was likely an essential element for the earliest life forms (see section 1.2.1 below for some details about earth's history). under euxinic conditions (sulfidic and anoxic conditions), tungsten forms relatively soluble salts (Ws 4 2− ) and it was therefore probably more available in the euxinic ocean than molybdenum (which would have been present as the water-insoluble Mos 2 ). the same reasoning explains the higher tungsten availability in today's marine hydrothermal vent waters, precisely where most of the hyperthermophilic organisms were discovered that were found to possess tungstoenzymes.
91 as with molybdenum, it is believed that tungsten would have carried out much the same chemistry as it does today in the enzymes of contemporary organisms. the reversible handling of aldehydes and carboxylic acids by primitive strict anaerobes is plausibly matched by the aldehyde : ferredoxin oxidoreductase of today's Pyrococcus furiosus (one of the benchmark tungstoenzymes). still, today only relatively few organisms utilize tungsten, which might seem puzzling if one considers the chemical similarities between tungsten and molybdenum and the fact that both metals are coordinated by the same organic cofactor ( Figure 1.3a; described below) . indeed, it seems that for each tungstoenzyme there is a homologous molybdoenzyme, either in the same or in different organisms, and there are several examples of molybdo-and tungstoenzymes that catalyze the same reaction (e.g. aldehydes, oxidoreductases and formate dehydrogenases that can contain molybdenum or tungsten). Could the modern scarcity of tungstoenzymes reflect the early earth scenario? Were the tungstoenzymes widespread in early earth and subsequently lost ‡ sulfite oxidase deficiency can be caused by protein point mutations, but also by the inability to synthesize the cofactor that holds the molybdenum atom in the active site ( Figure. 1.3a; described below); the last case results in deficiency in all four human molybdoenzymes. however, only the sulfite oxidase deficiency is a serious life threat. with the "pollution" of the atmosphere by dioxygen, forcing organisms to use molybdenum (available as the highly water-soluble Moo 4 2− ) instead? that is, did molybdenum become dominant only later in the earth's history, due to its availability and properties? this is a plausible scenario if one takes into account the higher availability of tungsten under euxinic conditions and the chemical singularities of tungsten (instead of the similarities between the two metals): tungsten compounds exhibit lower reduction potentials, higher bond strengths and enhanced thermal stability compared to iso-structural molybdenum counterparts, but are more sensitive to dioxygen.
3,12,92-96 these differences support the idea that tungsten would have been a better choice for anaerobic low reduction potential reactions carried out under euxinic conditions. as the environmental conditions were changing and the earth became increasingly oxygenated, tungsten could have been replaced by molybdenum: the chemical similarities between the two metals could have been exploited by the surviving organisms to evolve enzymes that enabled them to continue catalyzing the same old reactions and new reactions dictated by the needs imposed by the new environment. § regardless, both molybdo-and tungstoenzymes probably existed in the last universal common ancestor (LuCa).
106,107 therefore, the two cofactors that hold the metals in the enzymes active site would also have to have been present. this is particularly remarkable when we realize how elaborated the two cofactors are (particularly the nitrogenase one; Figure 1 .3) and how "limited" their utilization compared to, for instance, porphyrin-related structures. Why do living organisms expend so much effort to use these metals in a (comparatively) small number of reactions? this effort (including synthesizing the protein machinery to scavenge the metals from the environment, producing and inserting the specialized cofactors and regulating the whole process) underscores how important both metals would have been, and still are to extant organisms, particularly in the case of molybdenum.
The Nitrogen-to-Molybdenum Bio-to-Inorganic Bridge Hypothesis
the atmosphere of early earth held no dioxygen (if present, it would be less than 10 −5 times the current atmospheric level). only in the second half of the earth's 4560 million years (Myr) history, between 2450 and 2220 Myr ago, did dioxygen levels rise in the oceans and atmosphere as a consequence of the § a note of caution in this simplistic scenario, where molybdenum "simply" took the place of tungsten: the differences between molybdenum and tungsten are sufficient to interfere with the properties of the vast majority of today's enzymes. in fact, tungsten is regarded as an antagonist and inhibitor of molybdoenzymes and the substitution of molybdenum by tungsten results in metal-free and tungsten-substituted enzymes, both with no enzymatic activity.
97-105 this outcome arises from differences in the metals' uptake and/or incorporation into the enzymes, but also from differences in the properties of the enzymes themselves. however, it should be noted that there are some prokaryotic enzymes that are active with either molybdenum or tungsten, as will be discussed in section 1.4.4. Published on 28 September 2016 on http://pubs.rsc.org | doi:10.1039/9781782623915-00001
